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ARTICLE INFO ABSTRACT

Keywords: The coronavirus disease 2019 (COVID-19) pandemic is responsible for 267 million infections and over 5 million
Axon deaths globally. COVID-19 is caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a single-
Astrocyte stranded RNA beta-coronavirus, which causes a systemic inflammatory response, multi-organ damage, and
g}i‘é}{?{iimrm respiratory failure requiring intubation in serious cases. SARS-CoV-2 can also trigger neurological conditions and

syndromes, which can be long-lasting and potentially irreversible. Since COVID-19 infections continue to mount,

Extracellular vesicles ¢ . . .. .
Immune system the burden of SARS-CoV-2-induced neurologic sequalae will rise in parallel. Therefore, understanding the

Microglia spectrum of neurological clinical presentations in SARS-CoV-2 is needed to manage COVID-19 patients, facilitate
Neuron diagnosis, and expedite earlier treatment to improve outcomes. Furthermore, a deeper knowledge of the
Oligodendrocyte neurological SARS-CoV-2 pathomechanisms could uncover potential therapeutic targets to prevent or mitigate

neurologic damage secondary to COVID-19 infection. Evidence indicates a multifaceted pathology involving viral
neurotropism and direct neuroinvasion along with cytokine storm and neuroinflammation leading to nerve
injury. Importantly, pathological processes in neural tissue are non-cell autonomous and occur through a
concerted breakdown in neuron-glia homeostasis, spanning neuron axonal damage, astrogliosis, microgliosis,
and impaired neuron-glia communication. A clearer mechanistic and molecular picture of neurological pathol-
ogy in SARS-CoV-2 may lead to effective therapies that prevent or mitigate neural damage in patients contracting
and developing severe COVID-19 infection.

1. Introduction

Late in 2019, a new coronavirus emerged, severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), triggering the coronavirus dis-
ease 2019 (COVID-19) pandemic. Globally, 267 million individuals have
contracted SARS-CoV-2, which has killed over 5 million people, as of
December 2021 (https://coronavirus.jhu.edu/map.html, n.d). SARS-
CoV-2 is a single-stranded RNA beta-coronavirus, which causes a sys-
temic inflammatory response, multi-organ damage, and respiratory
failure requiring intubation in serious cases. The virus is especially
dangerous to older populations and patients with co-morbidities, such as
obesity and diabetes (Feldman et al., 2020). The pathophysiology re-
mains incompletely understood; however, neurological involvement is
increasingly evident. This has important health implications for SARS-
CoV-2 survivors, due to the frequent long-lasting and potentially irre-
versible nature of neurologic sequalae. Moreover, as infections continue

to rise, so will the burden of SARS-CoV-2-induced neurologic
complications.

Therefore, understanding the spectrum of neurological disorders in
response to SARS-CoV-2 is needed to manage COVID-19 patients (Ellul
et al., 2020). This will facilitate recognition of nervous system injury
secondary to SARS-CoV-2, which could expedite earlier treatment to
improve outcomes. Furthermore, a clearer understanding of the neuro-
logical SARS-CoV-2 pathomechanisms could uncover potential thera-
peutic targets. To date, the evidence suggests SARS-CoV-2-triggered
neurological damage occurs through several avenues. First, the virus
exhibits neurotropism, enabling direct invasion of neural tissue (Song
et al., 2021). Second, systemic cytokine storm and a hyperactive in-
flammatory immune response secondary to viral infection, can cause
nerve injury (Thepmankorn et al., 2021). Additionally, local induction
of neuroinflammation within the central nervous system (CNS) also
contributes to neuronal damage. Importantly, pathological processes in
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neural tissue are non-cell autonomous and occur through a concerted
breakdown in neuron-glia homeostasis. These processes span neuron
axonal damage, astrogliosis, microgliosis, and impaired neuron-glia
communication.

This review will cover the topic of SARS-CoV-2-triggered loss of
neuron-glial homeostasis. We will describe the breadth of neurological
presentation in COVID-19 patients and describe evidence from clinical
and autopsy studies of virally induced neuronal loss, endothelial astro-
gliosis, and neuroinflammation. We will also outline in vitro and animal
research demonstrating putative viral entry routes and neurotropism,
followed by a focus on neuron-glial interactions. Lastly, we will round
up the discussion with potential therapeutic avenues based on currently
known SARS-CoV-2 pathophysiology.

2. Neurological manifestation in COVID-19 patients

The SARS-CoV-2 pandemic precipitated a now recognized global
increase in the prevalence of well-characterized and rare neurologic
sequelae of the CNS and peripheral nervous systems (PNS) in response to
viral illness (Mao et al., 2020). One United Kingdom (UK) study sys-
tematically documented the various neurologic syndromes experienced
by COVID-19 survivors. Neurologic complications included encepha-
lopathy, encephalitis with documented CNS inflammatory changes,
ischemic stroke, and Guillain-Barré Syndrome (GBS), among other
miscellaneous syndromes (Paterson et al., 2020). The postulated SARS-
CoV-2-mediated pathomechanisms for CNS and PNS injury comprise
direct neurotropic invasion and parainfectious endothelial dysfunction,
coagulopathy, hyperinflammation, and autoimmunity (Fig. 1A) (Mehta
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Fig. 1. SARS-CoV-2-induced neurological manifestations.
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et al., 2020; Zubair et al., 2020).

Regarding endothelial dysfunction and coagulopathy, a prospective
Belgian study of post-mortem brain magnetic resonance (n = 62) revealed
subcortical micro- and macrobleeds, likely due to blood-brain barrier
(BBB) breakdown (Coolen et al., 2020). This endothelial dysfunction,
with or without direct viral infection, may underlie SARS-CoV-2 medi-
ated CNS injury. SARS-CoV-2 related stroke syndromes tend to occur in
the setting of markedly elevated D-dimer levels, frequently with con-
current large vessel and systemic venous thromboembolic events
(Beyrouti et al., 2020). Notably, young patients suffer higher-than-
expected stroke incidences, typically large vessel, which appears to
implicate coagulopathy and endothelial dysfunction (Oxley et al.,
2020). Antiphospholipid antibody syndrome from hypercoagulability
has occurred in some cases, likely linked to pro-inflammatory cytokine
states (Zhang et al., 2020).

In terms of immune response, post-mortem examination of six pa-
tients in Germany showed encephalitic and meningitic changes, with
evidence of brainstem perivascular and inflammatory changes associ-
ated with neuronal loss (von Weyhern et al., 2020). Encephalitis, in
particular, has figured prominently in SARS-CoV-2 mediated CNS injury.
Acute demyelinating encephalomyelitis is a rare disorder lacking clear
evidence of direct causality in SARS-CoV-2 injury. One autopsy study,
however, illustrates some of the CNS inflammatory patterns seen in
COVID-19-induced CNS injury, and sheds valuable insight into putative
pathomechanisms. This post-mortem evaluation revealed hemorrhagic
white matter lesions in the bilateral hemispheres, mostly subcortically,
with macrophagic foci surrounding small vessels along with myelin
breakdown and axonal damage (Reichard et al., 2020). Additionally,

\ TMPRSS2

Sustentacular
cells of the nasal

(A) SARS-CoV-2-induced neurologic complications can affect the CNS and PNS. Damage to the brain stem and autonomic nervous systems can lead to respiratory and
cardiac dysfunction. Severe COVID-19 patients exhibit systemic inflammation, marked by elevated white blood cells and pro-inflammatory cytokines. Antibodies
specific to PNS injury can be detected in blood, including IgG, anti-GM1, anti-GD1a, and anti-GD1b. (B) SARS-CoV-2 binds to ACE2 (shown in figure) or NRP1
receptors, and a serine protease, e.g., TMPRSS2, cleaves the complex, leading to viral internalization. (C) The virus infects sustentacular cells of the nasal epithelium.
ACE2, angiotensin-converting enzyme 2; BBB, blood-brain barrier; CNS, central nervous system; GBS, Guillain-Barré Syndrome; NRP1, neuropilin-1; PNS, peripheral
nervous system; TMPRSS2, transmembrane serine protease 2. Created, in part, with BioRender.com.
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there was generalized widespread glial fibrillary acidic protein (GFAP)
positive staining, indicative of astrogliosis, in white matter, but not in
the hemorrhagic lesions. Furthermore, separate radiologic case reports
of SARS-CoV-2-induced encephalitis document symmetric focal
involvement of the bilateral thalami (Poyiadji et al., 2020) and the
brainstem (Dixon et al., 2020). The neurologic UK study did not detect
antibodies in COVID-19 patients with autoimmune encephalitis (Pater-
son et al., 2020). However, a number of studies have reported myelin
oligodendrocyte glycoprotein (MOG)-associated demyelinating syn-
drome (Woodhall et al., 2020; Sinha et al., 2021), encephalitis (Peters
etal., 2021), and optic neuritis (Sawalha et al., 2020) in the SARS-CoV-2
setting.

In the PNS, most neurological SARS-CoV-2-related clinical experi-
ence has focused on GBS, and numerous cases have been described
(Padroni et al., 2020; Sedaghat and Karimi, 2020; Tiet and AlShaikh,
2020). As with most pathogen-mediated GBS, autoimmune cross-
reactivity or molecular mimicry is thought to underlie SARS-CoV-2-
related GBS. Antibodies specific to PNS disease are present in GBS
cases post SARS-CoV-2, including IgG, anti-GM1, anti-GD1a, and anti-
GD1b (Civardi et al., 2020; Dufour et al., 2021). One case of Miller
Fisher syndrome with increased pro-inflammatory cytokine markers and
positive anti-GD1b-IgG levels has been reported, supporting immune-
mediated pathomechanisms (Gutiérrez-Ortiz et al., 2020).

Although it was initially thought that the pandemic would trigger a
spike in GBS cases, data has shown otherwise. Instead, three studies
found either stable incidence or a decline in GBS cases during the SARS-
CoV-2 era (Keddie et al., 2021; Luijten et al., 2021; Umapathi et al.,
2021). As with other novel viral pathogens, like Zika, there is an
incontrovertible and emerging, albeit small, body of evidence that
suggests a temporal link between COVID-19 infection and GBS (Aladawi
et al., 2022). This seemingly contradictory finding lacks a definitive
explanation, although putative reasons have been put forth. One sug-
gestion for this discrepancy is the near-universal mask-wearing and stay-
at-home orders of the pandemic (Foschi et al., 2021). It is postulated that
this increased mask-wearing and limited social interaction reduced the
incidence of non-SARS-CoV-2-related GBS, which would still constitute
the bulk of total cases. Furthermore, it is possible that patients with
milder GBS may not have sought medical attention to avoid a hospital
setting. Limited hospital bed availability may have been another reason.
Other explanations have also been explored (Foschi et al., 2021).

Of all post SARS-CoV-2 neurologic consequences, post-acute
sequelae SARS-CoV-2 (PASC), also called long-COVID syndrome, re-
mains the topic of greatest public interest, although the exact underlying
pathomechanisms remain elusive. Patients report fatigue, cognitive
slowing, and exertional intolerance, among many other symptoms.
Some patients meet the criteria for orthostatic intolerance and postural
tachycardia syndrome on formal autonomic testing (Shouman et al.,
2021). It is suspected that SARS-CoV-2 binding to angiotensin-
converting enzyme 2 (ACE2) receptors may disrupt the renin-
angiotensin-aldosterone system, which regulates sympathetic outflow
(Goldstein, 2021).

Therapeutic experience remains limited, although the neurologic UK
study revealed that some encephalopathies improved without specific
treatment (Paterson et al., 2020), while patients with inflammatory CNS
syndromes improved with corticosteroids and/or immunoglobulin
therapy.

3. SARS-CoV-2 neurotropism

Early in the pandemic, it was shown SARS-CoV-2 leverages the ACE2
receptor to facilitate entry into host cells, like its predecessors, SARS-
CoV and Middle East respiratory syndrome coronavirus (Yan et al.,
2020). Once the SARS-CoV-2 spike protein receptor-binding domain
latches onto ACE2, proximal serine proteases, e.g., transmembrane
serine protease 2 (TMPRSS2), cleave the spike-ACE2 complex, inter-
nalizing the virus (Fig. 1B) (Hoffmann et al., 2020). Tissue receptor
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expression dictates tropism; thus, widespread ACE2 expression across
multiple tissues results in extensive SARS-CoV-2 tropism. ACE2
expression level in the CNS is moderate (Li et al., 2020a, 2020b);
however, since the discovery that SARS-CoV-2 binds ACE2, additional
receptors have been identified, including neuropilin-1 (NRP1), a
glycoprotein involved in neurogenesis (Zhang et al., 2021a, 2021b).
ACE2 and NRP1 are widely expressed in the brain; however, ACE2 is
most highly expressed in endothelial vasculature and circumventricular
organs (Hernandez et al., 2021), whereas NRP1 expression is especially
enhanced in the hippocampus, endothelial cells, mural cells, peri-
vascular macrophages, and microglia (Davies et al., 2020).

Several mechanisms have been proposed for viral penetration into
the brain. One suggested viral entry route is by disrupting the choroid
plexus, thereby compromising the BBB and providing SARS-CoV-2 ac-
cess to the CNS. The virus also triggers a pro-inflammatory response,
which can render the BBB susceptible to damage, leading to immune cell
infiltration into the brain along with viral penetration (Tremblay et al.,
2020; Solomon, 2021). A possible avenue for dissemination throughout
the CNS, once the virus has gained passage into the brain, is through the
microvasculature. Autopsy examination of frontal cortex tissue from
COVID-19 patients (n = 17) reveals an increase of so-called string vessels
versus control tissue (n = 23) (Wenzel et al., 2021). String vessels are
empty basement membrane tubes lacking endothelial cells, which are
signs of capillary loss. The study found that MP™, the primary SARS-CoV-
2 protease, cleaves host endothelial NEMO (nuclear factor (NF)-xB
essential modulator), leading to endothelial cell apoptosis, local hyp-
oxia, and microglial and astrocytic reactivity (Wenzel et al., 2021).
Therefore, microvascular pathology and endothelial dysfunction (Varga
et al.,, 2020) in the brain may constitute a significant mode of viral
dissemination and neuropathology in the brain.

Anosmia is a prominent symptom of COVID-19 infection, even in
relatively mild cases. This promoted a putative mechanism of viral entry
into the CNS intranasally through the olfactory epithelium, which ex-
presses ACE2 (Fig. 1C) (Brann et al., 2020) and NRP1 (Cantuti-Cas-
telvetri et al., 2020). In this proposed mechanism, the olfactory bulb
would then serve as a conduit to the CNS, including ACE2-expressing
circumventricular organs, such as the subfornical organ (de Melo
et al., 2021), which are particularly vulnerable because they are not
protected by the BBB. A recent study by Khan et al. of olfactory mucosa
and whole olfactory bulb tissue from recently deceased COVID-19 pa-
tients (n = 85) detected SARS-CoV-2 primarily in the sustentacular cells
of the mucosa (Khan et al., 2021). The virus was not detected in olfac-
tory sensory neurons nor the olfactory bulb parenchyma (Khan et al.,
2021), like another study, which only found sparse pathology of olfac-
tory bulbs (Thakur et al., 2021). Thus, overall, an intranasal route into
the CNS may be unlikely.

Far fewer studies have investigated SARS-CoV-2 penetration into the
PNS, although case reports of peripheral neuropathies are reported
within the same timeframe of COVID-19 infection (Padroni et al., 2020;
Sedaghat and Karimi, 2020; Tiet and AlShaikh, 2020). PNS damage
could occur secondary to SARS-CoV-2-induced inflammation, as occurs
in the CNS. Alternatively, drawing parallels to other viruses, SARS-CoV-
2 could be internalized into neurons through the endocytic pathway and
hijack axonal trafficking to spread along the PNS (Fenrich et al., 2020).

Our understanding of SARS-CoV-2 neurotropism derives from both
human, i.e., autopsy, and in vitro and mouse studies. Autopsy reveals
invasion of the olfactory epithelium (Khan et al., 2021) and CNS
(Mukerji and Solomon, 2021). Analysis of autopsy tissue from three
COVID-19 patients demonstrated immunoreactivity against the viral
spike protein in cortical neurons and endothelial cells, albeit to variable
extents (Song et al., 2021). Cellular staining was perinuclear along with
both intense puncta and diffuse cytoplasmic reactivity; subcortical
microscopic ischemic infarcts were also present, which stained for viral
proteins in the hyperacute stage. However, although neuroinflammation
is a putative characteristic of severe COVID-19 infection, the areas that
stained for viral protein were not infiltrated by lymphocytes or
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leukocytes (Song et al., 2021), though another autopsy study noted some
CD3+, CD4+, and CD8+ T cells in the parenchyma (Schurink et al.,
2020).

Analysis of brain autopsy tissue (n = 21) for RNA detected the virus
in eight samples, but only at low SARS-CoV-2 copies per cell (Puelles
et al., 2020). Another study (n = 18 patients) similarly detected viral
RNA in various brain regions in most samples (Solomon et al., 2020).
Interestingly, viral protein was not detected in neurons, glia, endothe-
lium, or immune cells. A larger analysis (n = 40) found both viral RNA
and protein in 8 (20%) of brain autopsy samples and either RNA or
protein in 21 (53%) specimens (Matschke et al., 2020). One study
detected viral RNA, but no protein, in most brain autopsy samples (n =
25), but levels were far lower than in mucosal samples (Thakur et al.,
2021). The authors concluded that direct viral neuroinvasion in the
brain was unlikely due to the significantly lower viral RNA levels in the
brain relative to the nasal epithelium, and that most CNS neuropa-
thology results from systemic inflammation, possibly compounded by
local hypoxia and ischemia. It is worth noting that peripheral immune
cell infiltration into the CNS has been detected in the brain, but also to
variable extents (Schurink et al., 2020; Song et al., 2021), and primarily
in the brain stem (Matschke et al., 2020; Thakur et al., 2021).

Another point of consideration, which has limited our understanding
of SARS-CoV-2 neurotropism in the brain from autopsy samples, is that
sensitivity for detecting viral RNA may be higher than for viral proteins
(Solomon et al., 2020; Thakur et al., 2021). However, RNA analysis from
bulk brain tissue does not allow localization of the RNA to specific cell
types, and the virus detected in the brain may be more prevalent in
endothelial cells versus neurons or glia (Nuovo et al., 2021; Wenzel
etal., 2021). However, this possibility requires further investigation and
single-cell sequencing of brain autopsy tissue may be one path forward
(Fullard et al., 2021).

Regarding the PNS, consecutive autopsies (n = 35) from femoral
nerve tissue revealed neuritis in nine COVID-19 patients without evi-
dence of direct SARS-CoV-2 invasion, likely indicating inflammatory- or
immune-mediated PNS damage rather than tissue tropism (Suh et al.,
2021), though further studies are necessary.

Beyond autopsy studies, brain organoids have also expanded our
understanding of viral neurotropism (Ng et al., 2021). The first obstacles
to viral penetration into the CNS are the BBB and blood-cerebrospinal
fluid (CSF) barriers, which regulate entry of material into the brain.
The blood-CSF barrier lines the choroid plexus, which produces CSF.
Infection rate was significantly higher in choroid plexus (10-20%)
versus cortical (<1.5%), hippocampal (<1.0%), hypothalamic (<1.5%),
and midbrain (<1.5%) organoids generated from human induced
pluripotent stem cells (hiPSCs) (Jacob et al., 2020). Similarly, analysis of
cell cultures found choroid plexus epithelial cells were robustly infected
with SARS-CoV-2, whereas neurons and astrocytes were sparsely infec-
ted. Another study of hiPSC-derived choroid plexus organoids observed
higher ACE2 expression by mature choroid plexus cells but not by
neurons or other cell types, which mirrored greater SARS-CoV-2 infec-
tivity of choroid cells (13%), but not of neurons or glia (Pellegrini et al.,
2020). Additionally, the live virus also structurally and functionally
compromised the choroid plexus epithelial barrier, and preference for
choroid plexus cells and glia by SARS-CoV-2 over neurons was also re-
ported by McMahon and colleagues (McMahon et al., 2021). Although
human studies suggest that viral entry may proceed primarily from
systemic inflammation (Solomon, 2021; Thakur et al., 2021), brain
organoid studies suggests= that direct viral infection and/or destruction
of choroid plexus may be feasible. However, if this pathway does occur
in vivo, it may be to an insignificant extent.

Some brain organoid studies have observed higher infection of
neurons by SARS-CoV-2 (Song et al., 2021; Wang et al., 2021), especially
mature, MAP2-positive neurons, leading to neuronal death and loss
(Song et al., 2021). A single-cell RNA-seq study identified multiple
clusters of neuronal, neuronal progenitor, and radial glial cell pop-
ulations (Song et al., 2021). Overlap of SARS-CoV-2 transcripts occurred
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with all cell-types, but to variable extents among the multiple clusters.
Viral infection also induced a transcriptomic shift to a hypermetabolic
and hypoxic cellular state, indicating that SARS-CoV-2 may be hijacking
cellular metabolism to replicate. Differences among brain organoid
studies may derive from maturation state of the organoid, since differ-
entiated neurons are more susceptible than neural progenitor cells (Song
et al., 2021) and differentiation boosts infection of astrocytes (Wang
et al., 2021).

Alternatively, variation in the hiPSC genetic background in genes
linked to SARS-CoV-2 susceptibility could give rise to differential
infectivity of neurons and various cell-types observed across organoid
studies. For instance, the ApoE4 allele is a risk for severe COVID-19
infection (Kuo et al., 2020). Indeed, isogenic hiPSCs expressing ApoE3
versus ApoE4 demonstrates that ApoE4 renders differentiated neurons
more prone to SARS-CoV-2 infection (2.1% ApoE4 versus 1.4% ApoE3)
and viral-mediated neurite degeneration (Wang et al., 2021). ApoE4 in
differentiated astrocytes similarly predisposes them to viral infection
and a decrease in soma and process length. Another possibility for
discordance in studies of cellular infectivity preference of SARS-CoV-2 is
the viral strain. A German study concluded that a Diisseldorf isolate of
SARS-CoV-2 preferentially targets neurons versus neuronal progenitor
in human derived brain organoids (Ramani et al., 2020).

The striking differences between autopsy findings and in vitro brain
organoids merits discussion. By and large, viral RNA or protein can be
detected in brain tissue from COVID-19 patients, but only to low levels
and their localization to specific cell types remains unclear, although
endothelial cells may be a favored compartment versus neurons and glia
(Nuovo et al., 2021; Wenzel et al., 2021). On the other hand, SARS-CoV-
2 infection of neurons, glia, and choroid plexus cells is evident from
brain organoid analysis. Several reasons may explain these disparate
findings. If the virus does preferentially infect endothelial cells versus
neurons and glia, microvasculature may be the preferred target in vivo.
However, brain organoids are devoid of a comprehensive vasculature
(Jacob et al., 2020; Song et al., 2021), and SARS-CoV-2 may invade
neurons and glia in the absence of other targets, such as endothelial
cells. Another possibility is differences in the viral load in vitro and in
vivo. Brain organoids can be experimentally infected to a specified
multiplicity of infection, at a burden that targets neurons and glia.
However, the viral burden may be lower in vivo due to the BBB, despite
damage from systemic inflammation, occurring at levels that do not
infect neurons. Finally, viral attack is dynamic in vivo, and the temporal
element is critical. COVID-19 patients may pass away before significant
viral replication has occurred into the brain.

Cumulatively, however, human, in vitro, and animal data support
invasion into the CNS. Possibly in humans, the dominant pathway is
from systemic inflammation, though this does not fully exclude other
less significant entry modes. Moreover, endothelial dysfunction in the
brain is an important aspect of neuropathology secondary to SARS-CoV-
2 infection. Additionally, the determinants of tropism among specific
CNS cell-type still requires clarification. Understanding the de-
terminants of infectivity could help identify patients at risk of devel-
oping COVID-19-mediated neurological disorders. If genetic
background is a potential determinant of infection, it could explain
variable susceptibly to SARS-CoV-2-induced neurological complications
in COVID-19 patients. Finally, few studies have investigated neuro-
invasion into the PNS, though SARS-CoV-2 may induce peripheral nerve
damage.

4. SARS-CoV-2-induced disturbance in neuron-glial interactions
4.1. SARS-CoV-2 in the central nervous system
4.1.1. Astrocyte-neuron interactions

The brain is an incredibly complex organ; neurons are aided in their

function by supportive glia, comprised primarily of oligodendrocytes,
astrocytes, and microglia. Under homeostatic conditions, astrocytes
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contribute structurally to BBB maintenance (Linnerbauer and Roth-
hammer, 2020) and are thus part of the brain’s first line of defense from
invading pathogens, including SARS-CoV-2 (Fig. 2). Astrocytes also form
tripartite synapses with neurons, providing support through neuro-
transmitter regulation and metabolic coupling. Virally induced disrup-
tion of astrocyte function could thus impair both neuronal transmission
and metabolism (Cotto et al., 2019; Sher et al., 2019).

Pathologic conditions, such as the presence of danger signals from
viral invasion, called damage-associated molecular pattern molecules
(DAMPs), induce astrogliosis, a neuroprotective phenotype character-
ized by morphological, transcriptomic, and biochemical reprogramming
and glial fibrillary acidic protein (GFAP) upregulation (Fig. 3). However,
astrogliosis can serve as a double-edged sword, promoting the disease
process through a neurotoxic phenotype (Ding et al., 2021). In a longi-
tudinal study of COVID-19 patients (n = 47) with varying disease
severity, moderate and serious COVID-19 infection correlated with
elevated plasma GFAP, and severe disease correlated with increased
plasma neurofilament light chain (NfL), a marker of intra-axonal
neuronal injury (Kanberg et al., 2021). In severe COVID-19 cases,
plasma GFAP peaked earlier in the infection course, indicating initial
astrogliosis, whereas NfL was persistently elevated, possibly from
longer-lasting neuronal damage. Another study of hospitalized COVID-
19 patients with (n = 34) and without (n = 94) neurological symp-
toms found elevated serum NfL levels, independent of neurologic pre-
sentation and uncorrelated to CSF NfL levels, possibly reflecting
peripheral nerve damage in severe infection (Paterson et al., 2021).
Serum NfL levels were not increased in COVID-19 community cases,
suggesting mild disease may not produce nerve injury. Unlike some
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studies, however, GFAP was not prominent in CSF of patients with
serious COVID-19, implying astrogliosis-induced neuronal damage may
not always be part of SARS-CoV-2 pathophysiology. It is possible,
however, that discrepancies between studies also arise from the time
course of GFAP release, which is higher earlier in infection, leading to
different results depending on when plasma/serum GFAP is sampled.
Possibly, astrogliosis may be easier to detect in brain autopsy tissue.
Indeed, investigation of brain samples from deceased COVID-19 patients
(n = 43) documented astrogliosis through GFAP staining in 37 (86%) of
cases (Matschke et al., 2020).

Another primarily astroglial protein, S100B, also has a putative role
as a DAMP and correlates with various neural CNS injuries, from trau-
matic acute brain damage to neurodegenerative diseases (Michetti et al.,
2019). In a small longitudinal study of COVID-19 patients with neuro-
logical manifestations involving the CNS and cytokine storm (n = 5),
elevated serum S100B was coincident with cytokine release in three
patients with acute leukoencephalitis. Though small, the study does
suggest that cytokine storm correlates with leukoencephalitis, which
injures astrocytes and induces BBB leakage (Perrin et al., 2021).

In addition to a shift in astroglial phenotypes, COVID-19 may lead to
astrocytic and microglial proliferation, concomitant with a decrease in
neuronal density, as noted in a small neurohistopathological study of
brain autopsy material (n = 3 COVID-19, n = 3 control) (Boroujeni et al.,
2021). The astrocytes and microglia also adopted a pro-inflammatory
phenotype, a scenario suggesting inflammation-induced neuronal loss.

4.1.2. Microglia-neuron interactions
Microglia are the resident immune cells of the CNS (Prinz et al.,
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Overview figure of the central nervous system (CNS) under homeostatic conditions. Brain neurons are supported by glia, astrocytes, microglia, and oligodendrocytes.
Neurons (light blue): Functioning astrocytes and microglia support signal transmission in healthy neurons, which are wrapped with oligodendrocytes (grey). Blood
vessels: Circulating species in blood vessels are separated from the brain by the blood-brain barrier (BBB; pink inset, A). The BBB is comprised of tight junctions
between endothelial cells of the vasculature, along with structural reinforcement from the extracellular matrix from the basement membrane and astrocytic foot
processes. The BBB regulates what species are permitted to traverse into the central nervous system (CNS). Astrocytes (purple): Contribute structurally to the BBB
through astrocyte foot processes, which form a layer against the endothelial basement membrane, defending the brain from invading pathogens. Inset, blue, B:
Astrocytes (purple) form tripartite synapses with neurons (light blue) to provide neurotransmitter and metabolic support. Microglia (dark blue): CNS resident immune
cells, surveil for potentially harmful agents and clear the CNS of debris by phagocytosis. Inset, green, C: Microglia remodel neuronal circuits by pruning dendritic
spines and synapses and promote myelin maintenance and remyelination. Created with BioRender.com.
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Fig. 3. Putative SARS-CoV-2-induced disruption of neuron-glia homeostasis.

Overview figure of the CNS under SARS-induced pathologic conditions. Neurons (light blue): Excessive inflammation may cause neurons to degenerate. Inset, pink, A:
SARS-CoV-2 may also potentially directly invade neurons, triggering apoptosis. Blood vessels: High levels of circulating pro-inflammatory cytokines (blue spheres)
damage the BBB; peripheral cytotoxic T cells infiltrate the CNS, further augmenting pro-inflammatory cytokine levels. Circulating SARS-CoV-2 virions can also
penetrate the CNS or hijack immune cells to enter. Microbleeds from SARS-CoV-2-induced endothelial dysfunction (asterisks) can also occur, causing CNS damage.
Astrocytes (purple and red, activated): SARS-CoV-2 triggers astrogliosis, which raises production of damage-associated molecular pattern molecules, e.g., GFAP.
Astrogliosis may also contribute to the breakdown in BBB integrity, e.g., through astrocytic foot processes detachment. Inset, blue, B: SARS-CoV-2 may infect as-
trocytes, possibly depending on the genotype. Microglia (orange): SARS-CoV-2 induces microgliosis, which elevates microglia-derived pro-inflammatory cytokines
(red spheres). Both astrogliosis and microgliosis occur concomitant with neuronal loss. Created with BioRender.com.

2019). During homeostatic conditions in the adult brain, they surveil the
CNS milieu for potentially harmful agents, e.g., infectious pathogens,
tissue injury (Fig. 2). They also perform numerous “housekeeping” roles,
such as clearing the CNS of debris by phagocytosis. Microglia also
remodel neuronal circuits by pruning dendritic spines and synapses
during learning and memory and participate in axonal myelin mainte-
nance and remyelination. Therefore, microglia have a direct impact on
neuronal health. Under pathologic conditions during infection, micro-
glia launch an immune response in order to clear the invading pathogen
from the CNS (Fig. 3) (Hatton and Duncan, 2019). This response is
complex and involves variably activated microglia with anti- and pro-
inflammatory phenotypes (Cherry et al., 2014). Unfortunately, in
certain instances, an overly pro-inflammatory state can develop, which
is toxic to neurons.

A comparable situation may occur during SARS-CoV-2, with a
microglial-mediated local inflammatory response within the CNS, which
is compounded by the presence of systemic hyperinflammation that can
also spread throughout the brain (Solomon, 2021). Post-mortem evalu-
ation of COVID-19 patients (n = 43) sheds light on this dual inflam-
matory process in the brain, which demonstrates both microglial
activation and cytotoxic T lymphocyte infiltration, mostly in the
brainstem and cerebellum (in up to 79% of cases) (Matschke et al.,
2020). Analysis of cerebral autopsy samples (n = 3) also demonstrates
activation of the NLRP3 inflammasome (Cama et al., 2021), a sensor of
pathogen-associated molecular patterns (PAMPs) involved in the anti-
viral response (Zhao and Zhao, 2020). NLRP3 colocalizes with CD68+
macrophages in the brain and the periphery (lung) of the deceased,
implicating a role for NLRP3 in SARS-CoV-2 pathology (Cama et al.,
2021).

Single-nucleus RNA sequencing of brain samples for COVID-19 pa-
tients that died from severe infection confirm immunohistological
microglia analyses. The brain transcriptome in COVID-19 (n = 8 COVID-
19; n = 13 controls) reveals choroid plexus barrier disruption along with
signaling cues into the CNS (Yang et al., 2021). Peripheral T cell infil-
tration is present along with resident microglia, which have adopted a
phenotype reminiscent of neurodegenerative disease. Another tran-
scriptomic analysis of three distinct brain areas (n = 5 COVID-19; n = 4
controls) found an influx of monocytes and macrophages in the choroid
plexus along with a signature in cortical microglia linked to cellular
activation, mobility, and phagocytosis (Fullard et al., 2021). In both
instances, molecular traces of SARS-CoV-2 were not detected (Fullard
et al., 2021; Yang et al, 2021), possibly suggestive of persistent
inflammation and longer-lasting neural injury, even after the virus has
cleared. Using a paradigm of spatial profiling by imaging mass cytom-
etry at single-cell resolution, an evaluation was performed of autopsy
brain stem and olfactory bulb (Schwabenland et al., 2021). Significant
neuropathology was seen, involving axonal damage, astrocytosis, and
BBB leakage, concomitant with viral antigens in ACE2+ vascular cells.
Perivascular microglial nodules enriched with activated CD8+ T cells
were also noted, which correlated with clinical measures of systemic
inflammation.

Research of in vitro and in vivo models paints a similar picture.
Exposure of rodent BV-2 microglia to SARS-CoV-2 spike protein in-
creases tumor necrosis factor alpha (TNF-a), interleukin-6 (IL-6), IL-1p,
and inducible nitric oxide synthase (iNOS)/ nitric oxide (NO) production
(Olajide et al., 2021). Microglial contact with spike protein also
enhanced NLRP3 inflammasome and caspase-1 activity. Similar obser-
vations were made following exposure of human HMC3 microglia to
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SARS-CoV-2 spike protein, leading to heightened TNF-a, IL-8, IL-1p, and
reactive oxygen species generation and increased NOS and caspase-3/7
expression (Clough et al., 2021). This pro-inflammatory response was
accompanied by microglial morphological changes along with mito-
chondrial fragmentation. In vivo, in SARS-CoV-2-infected K18-hACE2
transgenic mice (cytokeratin-18 gene promoter driven human ACE2
expression) and Syrian hamsters, microglia proliferated and increased
TNF-a and IL-6 expression (Zhang et al., 2021b).

CNS microglia may also be activated by exosomes carrying viral
material, rather than the virus itself. Exosomes are extracellular vesicles
that bud off from cells and carry cargo to recipient cells. This intercel-
lular communication mode can occur as part of normal physiologic
function, or as a pathological process during disease states, including a
viral infection. Circulating exosomes have been detected in patients in
the context of SARS-CoV-2 infection, carrying cargo harboring SARS-
CoV-2 RNA and a distinct proteomic signature strongly involved in
host response to infection, immune processes, inflammation, and coag-
ulation (Barberis et al., 2021). It is conceivable that exosomes can
penetrate the CNS and activate microglia; indeed, an in vitro study of
exosomes derived from HEK293T cells transfected with SARS-CoV-2
spike plasmid were found to transfect human microglial CHME3 cells
(Mishra and Banerjea, 2021). Exosome cargo was enriched in micro-
RNAs (miR) 148a and miR-590-3p. microRNAs are small non-coding
RNAs that negatively regulate expression of target genes. The exo-
somes suppressed ubiquitin specific peptidase 33 (USP33) and inter-
feron regulatory factor 9 (IRF9) expression in recipient microglia, the
latter being involved in immune regulation.

5. Summary

Overall, human, in vitro, and animal evidence suggests a recurrent
theme of astrogliosis and pro-inflammatory microglial activation in
SARS-CoV-2 infection in the brain (Fig. 3). Some studies suggest these
processes occur in tandem with neuron axonal damage and loss, possibly
indicating neuronal injury arising secondary to a breakdown in neuron-
glia homeostasis. Future studies are needed to better understand the
molecular steps or mediators of neuron-glia or axo-glia communications
during SARS-CoV-2 infection leading to brain damage, with the goal of
developing mechanism-based therapies. Furthermore, understanding of
potential neuron-oligodendrocyte interactions is lacking in the context
of SARS-CoV-2. However, a study of another coronavirus, mouse hepa-
titis virus (MHV), suggests surviving oligodendrocytes post viral infec-
tion may prolong the inflammatory phase (Pan et al., 2020).

5.1. SARS-CoV-2 in the peripheral nervous system

In contrast to CNS studies, there is a paucity of reports in the PNS.
However, PNS neurotropism is a facet of SARS-CoV-2 pathophysiology
as evidenced by the emerging literature linking autoimmune peripheral
neuropathies to COVID-19 infection (Padroni et al., 2020; Sedaghat and
Karimi, 2020; Tiet and AlShaikh, 2020) and the presence of IgG, anti-
GM1, anti-GDla, and anti-GD1b antibodies (Civardi et al., 2020;
Dufour et al., 2021). Elevated serum NfL hints at PNS damage during
severe COVID-19 infection (Paterson et al., 2021). However, mecha-
nistic studies in SARS-CoV-2 are lacking, although clinical findings
suggest an immune-mediated component, at least in part.

Drawing from other neurotropic viruses, such as MHV, demyelin-
ating strains are transported in a retrograde fashion from the brain via
axons, inducing optic neuritis with macrophage infiltration and axonal
demyelination and loss (Shindler et al., 2011). Human coronavirus
0C43 can also spread via neuron axonal transport machinery (Dubé
et al., 2018). Thus, similar modes of spread like MHV and OC43 have
been proposed for SARS-CoV-2 (Li et al., 2020b); however, this is
speculative, and experimental evidence for SARS-CoV-2 is presently
missing. One study reported direct nociceptor infection on dorsal root
ganglia by SARS-CoV-2, which suggests potential PNS neurotropism
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(McFarland et al., 2021). SARS-CoV-2 attack of sensory dorsal root
ganglia nociceptors implicates potential pathways for pain during severe
COVID-19, and possibly into the PASC post-infection phase.

Overall, more studies are needed and will likely evolve over time as
we increase our understanding of PNS disorders secondary to SARS-CoV-
2.

6. Potential therapeutic avenues of SARS-CoV-2-mediated
neurologic injury

To our knowledge, there is no specific treatment protocol for pre-
venting neurological complications in COVID-19 patients. Some
neurological conditions that develop from SARS-CoV-2 infection
improve without specific treatment or can otherwise be treated per
standard of care, e.g., corticosteroids or immunoglobulins for autoim-
mune encephalitis (Paterson et al., 2020). Overall, therapeutic experi-
ence remains limited. Fortunately, current understanding of SARS-CoV-
2 pathomechanisms suggests potential therapeutic avenues. First,
lowering systemic and neural inflammation through broad-acting anti-
inflammatory corticosteroid therapy, for example, could mitigate brain
vascular and neural damage. Dexamethasone is part of the present
repertoire of therapies being used to treat COVID-19 patients. In an
open-label trial, dexamethasone reduced 28-day mortality in hospital-
ized COVID-19 patients on respiratory support, e.g., invasive mechani-
cal ventilation, oxygen administration, but not in those off of respiratory
support (Horby et al., 2021). Whether dexamethasone specifically pre-
vents neurological injury from SARS-CoV-2 remains to be seen. Other
approaches to lowering systemic inflammation include immunomodu-
lating antibodies (Izda et al., 2021), e.g., tocilizumab, sarilumab.

The second potential therapeutic target, that of SARS-CoV-2 invasion
and/or neuroinvasion, may be mitigated by blocking viral replication
and penetration into cells (Izda et al., 2021). Replication-inhibitors
include antivirals, such as remdesivir. Preventing cellular entry can be
achieved by binding to the virus spike protein or by blocking the ACE2-
protease machinery, which grants the virus entry into cells. Casirivimab
and imdevimab are monoclonal antibodies that bind to SARS-CoV-2
spike protein and obstruct ACE-2 binding (Izda et al., 2021). The com-
bined casirivimab and imdevimab cocktail is effective in preventive and
therapeutic paradigms and lowers the incidence and severity of COVID-
19 infection (O’Brien et al., 2021; Weinreich et al., 2021). However, the
efficacy of this casirivimab/imdevimab cocktail at preventing neuro-
logical complications has not been studied. Other approaches of pre-
venting SARS-CoV-2 entry into cells rely on pharmacological inhibition
of ACE2-protease machinery (Zhang et al., 2021a). Such approaches
have only had mixed success thus far, as with hydroxychloroquine.

Preclinical and clinical research is ongoing, and the need is great for
more definitive COVID-19 therapeutics, specifically those aimed at
neural protection.

7. Conclusion

It is now clear that SARS-CoV-2 induces a host of acute neurological
complications of varying clinical severity. In some instances, these
neurologic sequelae evolve into long-term and irreversible complica-
tions. As the virus becomes endemic (Emanuel et al., 2022), this could
have ramifications for many recovering from COVID-19 infection,
although emerging variants my not trigger as much neurological dam-
age as the original and delta variants. Fortunately, the putative mech-
anism of COVID-19 induced acute neurologic injury is becoming more
apparent, thus opening the window for therapeutic interventions. These
pathologic mechanisms include systemically and locally induced in-
flammatory responses and/or endothelial dysfunction, potential direct
viral neuroinvasion, astrogliosis, and pro-inflammatory microglial
activation, all leading to neuronal injury. Thus, anti-inflammatories and
monoclonal antibodies may help prevent or minimize neurologic dam-
age in the context of acute infection, although formal studies are needed.
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Moreover, a clearer mechanistic and molecular picture of neurological
pathology in acute SARS-CoV-2 infection may lead to more effective
therapies for mitigating neural damage in patients developing PASC (or
long covid syndrome) post infection. For these patients, the landscape
remains poorly defined, and therapies to date are primarily supportive.
In summary, as COVID-19 infections continue to rise, the burden of
SARS-CoV-2-induced acute neurologic disorders and PASC will also in-
crease, necessitating a greater understanding of disease pathophysiology
to enable the development of mechanism-based therapies targeting both
the CNS and PNS.
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